Abstract Tighter discharge permits often require wastewater treatment plants to maximize utilization of available facilities in order to cost-effectively reach these goals. Important aspects are minimizing internal disturbances and using available information in a smart way to improve plant performance. In this study, flow control throughout a large highly automated wastewater treatment plant (WWTP) was implemented in order to reduce internal disturbances and to provide a firm foundation for more advanced process control. A modular flow control system was constructed based on existing instrumentation and soft sensor flow models. Modules were constructed for every unit process in water treatment and integrated into a plantwide model. The flow control system is used to automatically control recirculation flows and bypass flows at the plant. The system was also successful in making accurate flow estimations at points in the plant where it is not possible to have conventional flow meter instrumentation. The system provides fault detection for physical flow measuring devices. The module construction allows easy adaptation for new unit processes added to the treatment plant.
Introduction
Increasingly stringent discharge limits on wastewater treatment plants, as well as fiscal restraints, often require plant operators to minimize internal disturbances. Most operators have some form of self-auditing program for identifying potential improvements which can better utilize the available facilities. One area of great potential is on-line instrumentation, both as physical measuring devices and as soft sensors. Developing systems which can maximize the information available from a limited number of measurement points is a challenge for plant operators.
A higher degree of automatic control requires "good" measurements in order to produce "good" control (i.e. the opposite to junk in ¼ junk out). Thus the need for verifying physical measurements is almost prerequisite for creating robust control. Much information is collected with SCADA-systems, information which can be reused in soft sensors for many purposes, such as instrument monitoring, fault detection, redundancy control, etc (Lumley, 2002) . This makes it possible to better follow process dynamics, verify the operators "view" of the state of the process and, ultimately, to create better process control and cost-effective wastewater treatment (Olsson and Newell, 1999) .
Even what can be considered elementary measurements, such as flow rates, are not always that simple to make (consistently to be used for automatic control for example) and can greatly affect plant performance. By using available information, it should be possible to monitor flows of interest by creating simple models that, when combined together, can create plant-wide flow monitoring. This plant-wide monitoring can then be the basis for automatic control of unit processes. This should also have economic benefits since the investment and operating costs of instruments installed to increase measurement point redundancy can be reduced. This paper describes a flow monitoring and control system created at a highly automated, large wastewater treatment plant and the benefits derived.
Rya wastewater treatment plant
The Rya wastewater treatment plant (WWTP) is located in Göteborg, Sweden and treats wastewater from Göteborg and five surrounding municipalities and approximately 775,000 pe are connected to the plant. Wastewater is transported to the Rya WWTP through a tunnel system with a total length of 124 km (Lumley et al., 1993) . Approximately 40% of the sewers connected to the tunnel network are combined, which results in large variations in hydraulic loading to the plant, from 172,000 m 3 /d to 1,425,000 m 3 /d.
The Rya WWTP was commissioned in 1972 as a single stage highly-loaded activated sludge plant. In 1982, the plant was upgraded with primary settling and additional aeration volume. During the 1980s, simultaneous precipitation with ferric sulphate was introduced for phosphorus removal. In the mid 1990s, the plant was further upgraded for nitrogen removal. The Rya WWTP is manned only during normal working hours and during evenings and weekends the plant is supervised by a two-man standby duty crew from their homes (Lumley et al., 1993) . Great importance is therefore placed on the ability of the SCADA system to reliably monitor and control the processes and to transfer this information to the operators and standby duty crews.
Due to site restrictions, the process solution for nitrogen removal (Mattsson, 1997 ) is fitted into a small footprint (Balmér et al., 1998) . The process flow diagram is shown in Figure 1 . The retrofitting of the plant included an intermediate pumping station and an activated sludge process with pre-denitrification in variable volume anoxic zones and post-denitrification in nitrifying trickling filters. Achieving optimal nitrification/denitrification requires reliable monitoring and control of the trickling filters (I'Ons et al., 2004) as well as correct dosage of an external carbon source Wik et al., 2003) . Secondary settling capacity is critical to the process and a two-tray configuration was adopted in order to increase capacity (Wilén et al., 2004) . A large part of the secondary effluent is recirculated to the trickling filters and, if automated, can assure that as much nitrification as possible is achieved. This automation is, however, dependent on a combination of flow measurements and flow calculations. Some critical points, i.e. the intermediate pumping station, have no flow measurements. This has historically led to internal disturbances, e.g. when a critical flow meter fails the normal arithmetic flow estimates in the SCADA-system do not adapt to the situation and provide alternative control.
Methods
The basic concept was to design a system where a few measured flows could be used to estimate flows at points where no flow measurement was available but was needed for control and to avoid sophisticated hydrodynamic models that would be difficult to implement and maintain. Such a system should perform satisfactorily as long as it behaves in a predictable manner, i.e. no net accumulation (filling, emptying, leakage). In order to account for these dynamic effects, each unit process was examined and, where necessary, simple flow balance models were constructed, primarily based on available on-line instrumentation. These formed the basis for IN/OUT modules ( Figure 2 ). For those points lacking physical flow measurements, either simple arithmetic calculations were made or soft sensors were constructed. For pumping stations, these soft sensors were based on lift height (Dh) and motor frequency or power. At one location, weirs were used to calculate flows using existing level sensors. Example calculations are shown below: The IN/OUT modules were combined to form an integrated plant wide flow model where the output from one module is the input to another module as illustrated in Figure 3 . The soft sensors act as control points and are used to verify the other modules in the flow model. Plant-wide flow control can be exercised with just a few control handles and other flows are adjusted by the model. If a deviation is detected in a module, the integrated model takes over and, based on flow estimates calculated from the surrounding modules, provides the output to the next module or control loop. If the deviation is persistent (say longer than 20 min) then a warning alarm is created to notify the operator. The flow model maintains control until the flow meter returns to more expected levels.
The flow control system was implemented in the Rya WWTPs SCADA-system (Delta V from Emerson Process Management) in the beginning of 2004 and functions as part of normal plant automation. Process mimics were created to give the operator a view of the flow monitoring system (Figure 4 ).
Results and discussion
Normally, the operator does not even notice that the system is in operation. Small deviations are corrected by the system. Process dynamics are "seen" as more correct in time and space since flows are often used in mass flow calculations. By observing the process mimic it is easy for the operator to quickly make an evaluation of the flow situation and obtain a better view of the plant status than single, isolated on-line flow measurements would give. The soft sensors do not normally exhibit the same dynamics as physical devices but do follow trends well and are sufficient for most situations since WWTP dynamics are usually not so fast. This is illustrated in Figure 5 where the estimated flow is the arithmetic difference and the calculated flow is from the flow control model. An advantage of the soft sensors is that they are not normally subjected to the same causes of measurement deviation (i.e. physical fouling) that an on-line instrument would be and thus make a very robust combination as compared to simple redundant measurements where both instruments could foul in the same way. Output from the flow control system is even used for advanced calculations in an external carbon dosing system and a novel monitoring station for the nitrifying trickling filter (I'Ons et al., 2004) . These more sophisticated control systems benefit from a higher quality of input data and thus can be more reliable. Since the model takes into account even small side stream flows, the overall flow status improved as compared to earlier simpler models. The inverse situation was also observed and the status of the small side stream flows is better known.
The use and benefits of the flow monitoring and control system are illustrated in the following examples.
Secondary treatment bypass weir
In wet weather, it is often necessary to bypass some of the wastewater after primary treatment. This bypass flow is measured with a Parshall flume which has been calibrated for flows up to approximately 5.5 m 3 /s. Shortly after the model was implemented, a heavy rainfall occurred and very high flows were led through the Parshall flume (well over 6 m 3 /s). Normally, the flow to the activated sludge process is estimated as the difference between the influent flow and the bypass flow. A flow deviation was detected by the system since this estimated flow was much more than the soft sensor flow estimated for the intermediate pumping station that pumps the presettled wastewater to the activated sludge process (see Figure 6 ). An alarm was generated which brought the operator's attention to the situation. This led to further investigation and it was concluded that the flow monitoring system made the best estimate of flow to the activated sludge process, and a previous belief that the capacity of the activated sludge system was reduced at high flows was actually an aberration due to measurement error.
Plant bypass gate
During extreme wet weather situations it is sometimes necessary to bypass some of the wastewater before primary treatment due to limitations in primary settling capacity (typically flows exceeding 15.3 m 3 /s need to be bypassed). This bypass is through a large gate located directly downstream of the influent pumping station. Since no flow measurement through this gate is available, it has normally been necessary to guess the flows that reach the rest of the plant. In September 2004, primary settling capacity was severely limited and it was necessary to use the plant bypass gate during a large storm. At the same time, it was desirabl e to maximize treatment through the activated sludge process. Normally the operator, or in this case the standby crew (most large storms seem to occur at night), would have to operate by "feel" in order to find a suitable opening for the gate. Instead, with the flow model it was possible to fine tune the process. The gate adjustment was easy and there was no risk of overloading the activated sludge process (Figure 7 ).
Filling and emptying tanks
It is often necessary to fill or empty tanks when carrying out maintenance work. Normal automated control expects full tanks with continuous flow. The flow control model can be used by the operator for monitoring conditions when filling or emptying tanks and thus minimize internal disturbances. In some cases, automatic flow setpoint adjustment has been implemented in order to maintain the desired conditions (Figure 8 ).
Trickling filter recirculation control
The recirculation flow to the nitrifying trickling filters needs to be continuously maximized in order to maximize N-removal. Since the plant is only manned part-time, it is highly desirable for this to be fully automated and robust in order to avoid internal disturbances. By applying the flow control model, the recirculation flow setpoint is continuously adjusted in order to compensate for varying flows in both liquid and sludge treatment. This is illustrated in Figure 9 . The operator manually sets the maximum secondary settling capacity and the flow control model automatically sets the recirculation flow to the trickling filters. The secondary treatment bypass setpoint is also set automatically according to the secondary settling capacity and the minimum allowable flow to the nitrifying trickling filters.
Some observations based on the experience gained from this study are outlined below. † Changes such as pump replacements or impeller replacements may change the soft sensor model and updating may be required in order to obtain reasonable estimations. † Find the right alarm warning level. Avoid unnecessary alarms. † Pumping efficiency may change due to buildup of debris on impellers which leads to reduced flows although the model will estimate the "full" flow. This can be compensated for by subtracting a given factor for every given unit of time the pump is in operation. This type of compensation is applied to the plant's main pumping station Figure 7 Flow misrepresentation due to use of plant bypass gate flow module. The pumps are normally stopped and restarted every 6 h in order to remove debris (see Figure 10 ). † It has been found that it is often difficult to make good flow estimates at low pumping rates. Here, improvements to the models may be able to compensate for this. Low pumping rates at high lift heights are an even greater challenge. Here, it may be better to use power instead of pump speed. † Generally the soft sensors have been robust and have reliably indicated on-line measurement deviation. Operator confidence in the flow monitoring and control system is high. † Even more redundancy could be built into the system by creating higher level soft sensors to monitor those already in the model.
Investment
No physical devices needed to be installed in order to create the flow model. The three major tasks were creating the model concept, defining the modules and programming in Figure 8 Flow control model reaction to filling and emptying large tanks Figure 9 Flow model output used to control hydraulic loading on nitrifying trickling filters Figure 10 Effect of debris buildup on pump impeller the SCADA-system. Much of the module definition was performed by a summer student. The approximate time per category required to create the flow control model was: process engineer 85 h, summer student 430 h, SCADA programming 345 h. The equivalent cost was approximately 35,000 e.
Plant expansion
The modular construction is flexible and easy to expand as the plant is modified or expanded. New modules are created when new unit processes are added to the plant and incorporated in the flow control model. This has now become a normal part of process design.
Summary
The plant wide flow control model has been found to be effective in monitoring flows throughout the plant and provides fault detection for physical flow meters. Sufficiently accurate flow estimates are made at points in the plant without conventional flow measurement. Automated control based on the flow control model has also worked well with little need for operator intervention. Flow monitoring results have led to a greater insight into how the various unit processes perform and has been used to identify and reduce internal disturbances.
